A correlation between the structural and optical properties of GaN thin films grown in the ͓1120͔ direction has been established using transmission electron microscopy and cathodoluminescence spectroscopy. The GaN films were grown on an r-plane sapphire substrate, and epitaxial lateral overgrowth was achieved using SiO 2 masks. A comparison between the properties of GaN directly grown on sapphire and GaN laterally grown over the SiO 2 mask is presented. The densities and dimensions of the stacking faults vary significantly with a high density of short faults in the window region and a much lower density of longer faults in the wing region. The low-temperature luminescence spectra consist of peaks at 3.465 and 3.41 eV, corresponding to emission from donor-bound excitons and basal-plane stacking faults, respectively. A correlation between the structural defects and the light emission characteristics is presented. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2918834͔
Growth of GaN along nonpolar directions is expected to improve the efficiency of light emitting diodes ͑LEDs͒. This is accomplished by removing the internal fields normal to the InGaN quantum wells, which are present in the standard ͓0001͔ growth direction. [1] [2] [3] The most common nonpolar crystal orientations are the ͑1120͒ a-plane and ͑1100͒ m-plane of GaN. Since nonpolar GaN is not readily available in the bulk form, a-plane GaN epilayers can be grown on the ͑1102͒ ͑r-plane͒ sapphire substrates, where lattice and thermal-expansion mismatch lead to the presence of a high density of extended defects. 4, 5 The technique of epitaxial lateral overgrowth ͑ELO͒ can be used to reduce the defect density in the wing region, [6] [7] [8] but it significantly increases the manufacturing complexity due to the additional mask patterning process. Therefore, in order to commercialize nonpolar GaN based LEDs, it remains critical to understand the formation mechanisms of extended defects and to find ways to minimize them. The extended defects in nonpolar GaN consist mainly of threading dislocations ͑TDs͒ and of basalplane stacking fault ͑SF͒ segments. While TDs are not active radiative centers, the SFs have characteristic luminescence centered at ϳ3.4 eV. 9 SFs terminate in partial dislocations, thus the density of partial dislocations in the film will depend on the density of SF segments, and it is expected to severely affect the optical properties of the material.
In this study, we used transmission electron microscopy ͑TEM͒ and cathodoluminescence ͑CL͒ microscopy to establish the correlation between the defect distribution and optical properties for the a-plane GaN epitaxy. For ELO films, the window region has a weak optical emission and a high density of SFs that are short in dimension. The wing region has opposite characteristics, i.e., a strong optical emission and a low density of longer SFs.
The GaN films were epitaxially grown by metal-organic vapor phase epitaxy on the r-plane sapphire substrates. ELO was achieved using a SiO 2 mask. The films were grown to a thickness of about 30 m. Plan-view samples of the top film surface region were prepared for TEM using standard mechanical polishing and argon-ion milling techniques. We used a field-emission TEM operated at 200 keV. The TEM specimen was characterized by CL and then by TEM. The TEM images were taken from the same region that was used for CL imaging and a direct correlation between microstructure and luminescence was thus obtained. TEM images were also taken from other regions which were more suitable for a detailed TEM analysis.
In order to establish a direct correlation between the CL and TEM, it is critical to locate an area suitable for both measurements. CL measurements require a region in the specimen with sufficient thickness for adequate light emission intensity. In contrast, TEM analysis usually requires the opposite, i.e., a thin sample for optimum electron transparency. Therefore, a region in the TEM sample has to be carefully chosen so that it is sufficiently thick to provide good signal for CL and thin enough for TEM analysis. The CL spectrum from one such an area is shown in Fig. 1 . It exhibits two emission peaks associated with a donor-bound exciton ͑DBE͒ at 3.465 eV and a SF emission at 3.41 eV. 9 Corresponding monochromatic CL images taken at the DBE and SF emission peaks are shown in Figs. 2͑a͒ and 2͑b͒, respectively. Figure 2͑c͒ shows a bright-field TEM image for the same area taken under diffraction conditions of g = ͓1100͔, which is known to give a strong contrast for the SFs. The shape of the chosen area is somewhat uneven as a result of the compromise between CL and TEM requirements. As shown in Figs. 2͑a͒ and 2͑b͒, the DBE and SF intensities are weak in the window region but they appear strong and complementary to each other in the wing region. An anticorrelation between emission of DBEs and SFs has been reported. 9, 10 The observed distribution for the DBE emission can be straightforwardly correlated to the SF distribution in Fig. 2͑c͒ , where the window region exhibits a much higher density of SFs than the wing region. The DBE emission is strongest in the regions free from extended defects, and its intensity decreases with increasing density of extended defects. In spite of its high SF density, the window region shows a weaker SF emission intensity when compared to the wing region where the SF density is lower. In addition, the monochromatic image of SFs in the window region is spotty and discontinuous in contrast to the bright broad stripes observed in the wing region. This unexpected feature is due to the different nature of SFs in the window and mask regions. A detailed TEM analysis on a thinner sample area is shown in Fig. 3 , where bright-field TEM images taken under three diffraction conditions show the spatial distribution of SFs, Frank-type partial dislocations ͑involving an extra basal plane͒, and full basal-plane dislocations. The distribution of SFs in Fig. 3͑a͒ is similar to that in Fig. 2͑c͒ , with a high density in the window region and a significantly lower density in the wing region. Figures 3͑b͒ and 3͑c͒ show that the density of dislocations is high in the window region and is very low in the wing region. The dislocations in the window region are observed with higher definition in Fig. 4 . They are identified as either partial dislocations that terminate or bound the SFs, or as full TDs with Burgers vector equal to a basal-plane unit vector.
The distribution of extended defects in Fig. 3 can explain the observed monochromatic CL images in Fig. 2 . The window region contains a high density of full basal-plane dislocations and of SFs that are short and each bounded by two partial dislocations. This combination of full and partial dislocations is related to the low luminescence intensity of the region. The wing region ͑grown over the mask͒ in Fig. 3 exhibits long SFs with a much lower density of full and partial dislocations, and it is associated with a strong DBE The images are taken under various diffraction conditions in order to assess the nature of the defect structure. ͑a͒ g = ͓1100͔, was obtained by slightly rotating the TEM specimen around the ͓1100͔ axis giving a clear contrast for the stacking faults. ͑b͒ g = ͓0002͔, which was obtained by slightly rotating the TEM specimen around the ͓0001͔ axis, highlights the presence of partial dislocations that laterally terminate the stacking faults. ͑c͒ g = ͓2110͔, which was obtained by rotating the TEM specimen around the ͓0001͔ axis by 30°a nd then slightly around the ͓2110͔ axis, shows the presence of full screw dislocations ͑with Burgers vector equal to a basal-plane unit vector͒. and a distinct SF emission observed in the monochromatic images. There is a clear anti-correlation between the presence of dislocations and the DBE and stacking luminescence.
In Fig. 5 , we show the segmented nature of the BSFs in the window region. The dimensions of the SFs on the basal plane range from several hundred nanometers to several microns. They are mostly of I 1 type, which has a fault translational vector of 1 / 6͓0223͔ and are bounded by partial dislocations. The Burgers vector of those dislocations has two components: one normal ͑Frank partial͒ and one parallel ͑Shockley partial͒ to the basal plane. A high-resolution TEM image of a terminated SF is shown in the inset of Fig. 5 . In contrast, even though the density of SFs in the wing region is large, the density of partial dislocations is very low due to the longer dimensions ͑over tens of microns͒ of the SFs.
The different dimensions of the SFs in the window and wing regions depend on the SF nucleation mechanism. In the window region, a high density of slightly misaligned islands is formed in the early stages of growth of GaN on the r-sapphire substrate as a result of the high lattice mismatch. Any imperfection or impurity on the substrate surface could generate a fault in the stacking sequence, resulting in a SF within the island. The probability of such fault formation is low. A single mistake in the nucleation results in an I 1 SF ͑involving a single violation of the stacking sequence͒. Two sequential mistakes result in an I 2 SF and three sequential mistakes in E SF ͑also referred as extrinsic SF͒. These multiple faults occur with much lower probabilities. 11 The higher probability of formation should result in a large density of short I 1 SFs, whose extension lengths reflect the dimensions of the nucleation islands. In the wing region, growth is along the c direction and proceeds by step nucleation and fast lateral growth. With growth along the c axis, chances of a mistake in the stacking sequence are very small ͑this statement is supported by the fact that SFs are seldom observed in the c plane epitaxy͒. However, when they happen, they will be single step mistakes, resulting again in SFs of the I 1 type. The SF dimensions will now be large due to low basal-plane nucleation step rates and fast growth in the lateral ͗1100͘ directions.
In summary, an anticorrelation between the light emission from radiative centers and the distribution of dislocations in the a-plane GaN ELO films grown on r-sapphire substrates have been established by CL and TEM. It reveals that the extension lengths of BSFs in the window region are shorter in comparison to the wing region. This is attributed to the island growth mode in the early stages of GaN growth on r-sapphire in the window region, and the lateral overgrowth in the wing region. FIG. 4 . Enlarged images from the rectangular region in Fig. 3 taken under TEM conditions that highlight specific extended defects. ͑a͒ Stacking faults. ͑b͒ Threading partial dislocations that laterally terminate the stacking faults. ͑c͒ Threading full dislocations. Their apparent tilt is due to the orientation of the crystal at the imaging conditions described in Fig. 3 . 
